Flow instability in parallel pipes is closely related with the application of direct steam generation (DSG) for parabolic trough solar power technology. Maldistribution of the flow rate may occur in heated parallel pipes with common inlet and outlet manifolds. The theoretical analysis on four parallel pipes that undergoes a process of heating and evaporation during different heating loads is carried out to indicate all the possible steady-state solutions. Stable solutions and unstable solutions are differentiated through linear stability analysis. It is shown that the more number of heated pipes, the more stable steady state solutions of the splitting ratios, and the greater range of uneven flow rate distribution. Transient analysis is applied to simulate the response of the system to finite disturbances and the performance due to variations in operating conditions by Simulink of Matlab. The results confirm the correctness of the linear stability analysis, and a hysteresis phenomenon is observed when a solution is turning to another solution, even for unstable ones. In addition, A method is proposed to improve flow distribution uniformity in parallel pipes by installing a resistant orifice at the inlet of each pipe where is not heated.
Introduction
The instability of evaporating two-phase flow in parallel pipes exists widely in boilers, steam generators, heat exchangers, boiling water reactors and other devices which are related to evaporating fluid. Direct steam generation (DSG) of parabolic trough solar power technology consists of a row of horizontal parallel pipes, using parabolic trough concentrator focusing solar power on each pipe to generate steam to drive turbine power generation system. Compared with the traditional double-loop system, the parabolic trough solar power technology for direct steam generation has advantages of low cost and high efficiency because of eliminating extra heat exchangers and extra losses incurred while heat is transferred from oil to steam [1] [2] [3] [4] . However due to the possible uneven flow rate distribution and other instabilities relate to liquid-vapor flow in parallel pipes become an obstacle to direct steam generation technology for commercial application.
Scholars have done a lot of detailed research on the instability of two-phase flow in vertical pipes [5] [6] [7] [8] [9] . In the nuclear industry, two-phase flow in parallel pipes is of major interest related to the instability in boiling water reactors (BWR) and loss of cooling accident (LOCA). These studies deeply discussed the instability problems such as pressure drop oscillation (PDO), density wave oscillation (DWO) and flow excursion, get a lot of useful conclusions and practical application in engineering [10] [11] [12] [13] [14] . Evaporating two-phase flow in horizontal pipes differ from evaporating two-phase flow in vertical pipes by the flow patterns and by the absence of gravitational pressure drop [15, 16] .
The instability of two-phase flow in horizontal pipes mainly depends on the relationship between the fractional pressure drop and flow rate [17] . Natan et al. [18] analyzed theoretically a system of two parallel pipes with common inlet and outlet manifolds that undergoes a process of heating and evaporation. They developed a numerical simulation to calculate the splitting of the flow between the two pipes, and the properties of the fluids along the pipes. The pressure drop in this model was based on the local flow pattern.
Minzer et al. [19] measured the flow rate distribution and the pressure drop in a set of two parallel horizontal evaporating pipes. The experimental results compared well with the theoretical steady-state analysis of Natan et al. [18] . The stability criteria offered by Akagawa et al. [20] was used to distinguish between stable and unstable steady states. Minzer et al. [21] then suggested a simplified model that is used both for steady-state solutions analysis and for transient analysis. They presented a stability analysis to demarcate between stable and unstable steady-state solutions. In addition, they carried out the corresponding experiments to confirm the correctness of the theoretical analysis. And the experimental results compared well with the model.
Mordechai Baikin et al. [22] extended the theoretical model developed by Minzer et al [21] to a larger number of pipes and different heating conditions. They mainly discussed a system of three pipes with common inlet and outlet manifolds by carrying out steady-state solutions analysis and transient analysis to find the flow rate distribution for different heating combinations. And their experimental results compared well with the theoretical results.
The present work is aimed to extend the work of Minzer et al. [21] and Mordechai Baikin et al. [22] to a system of more parallel pipes. In this paper, the maldistribution of the flow rate in four parallel pipes with common inlet and outlet manifolds is mainly discussed.
Analysis
Subcooled water that enters the system of four pipes with common inlet manifold and outlet manifold undergoes a process of heating and evaporation, and the flow splits into the four heated parallel pipes. The first step of the theoretical analysis is to obtain the relationship between the frictional pressure drop and flow rate. And it allows obtaining the inlet pressure versus the flow rate for a specified outlet pressure and heat flux.
Since each pipe has the common inlet and outlet manifolds, the same pressure drop yields in the parallel pipes. It is possible to obtain different combinations of flow rates in parallel pipes that satisfy the condition of equal pressure drop. And linear stability analysis is performed to differentiate between stable and unstable solutions.
Single pipe analysis
According to the water state of the pipe exit, the flow within the pipe is subdivided into three regions, see Fig.1 . When the water exits as hot liquid we just have one section, the subcooled section. When the water exits as watervapor mixture we have two sections, the subcooled section and the evaporating two-phase section. When the water exists as steam we get three sections, the subcooled section at the entrance, the evaporating two-phase section at the middle and the superheated steam at the exit. The momentum equation is established for two-phase flow mixture inside a single parallel pipe:
Where A is the cross-sectional area of the pipe, L and G are the liquid and gas void fractions, L and G are the liquid and gas densities, u L and u G are the liquid and gas velocities, is the wall shear stress, s is the pipe periphery, is the pipe inclination angle, t is the time rate of change, is the change rate along pipe length. By integrating Eq.1 and substituting the velocities and the void fractions in terms of the mass flow rate (W), the vapor quality (X) and the slip ratio (S):
Where f is the frictional pressure drop, g is the gravitational pressure drop, ( P) is the accelerated pressure drop. And where ( P) can be expressed as:
When the water exits as hot liquid (X=0), = 1 . When the water exits as water-vapor mixture (0<X<1), is the Eq.4. When the water exists as superheated steam (X=1), = 1 . And where = 1 . The frictional pressure drop and the gravitational pressure drop of three sections are calculated respectively. The pressure drop of single-phase is calculated using the average of the local pressure drops at the beginning and the end of corresponding section. In this work, we special introduce the frictional pressure drop for the two-phase mixture.
For the two-phase mixture, a valid correlation is needed to estimate closely the frictional pressure drop in the middle of the two-phase section. Thus, the pressure drop in the middle of the mixture section is calculated using the method proposed by Chisholm as following.
Where is Lockhart-Martinelli coefficient. and are the pressure drop of liquid-phase and the gas-phase through the pipe alone. The coefficent of Eq. 5 is listed in reference [23] .
Rearranging Eq.2, the equation can be written as:
Where ( ) is the total pressure drop along the pipe:
For multiple parallel pipes, a momentum equation is obtained for each pipe:
Where the subscript i is the number of the pipes, and ( ) is the pressure drop of each pipe. By summing Eq.9, we can obtain:
Steady-state solutions
For the case of steady-state, d /d = 0, Eq.7 can be written as:
The relationship between the pressure drop along a single pipe and the flow rate is obtained in fig.2 . For a special inlet pressure one may have 1, 2 or 3 steady-state solutions. For multiple pipes, since each pipe has the common inlet and outlet manifold, the same pressure drop yields in the parallel pipes. It is possible to obtain different combinations of flow rates in parallel pipes that satisfy the condition of equal pressure drop. The total inlet flow rate is:
Where the subscript i is the number of the parallel pipes, the subscript j is possible steady-state solutions in a single pipe. Stable and unstable state solutions are described through linear stability analysis by Minzer et al. [21] .
Transient analysis
Eq.9 and Eq.10 are time-dependent equations for W i and W in . They are used to simulate the transient response of the system to finite disturbances by applying Simulink of Matlab.
In this work, transient simulations are carried out to predict the system response to finite disturbances and the system performance due to variations in operating conditions such as total inlet flow rate and heating power.
Steady-state analysis
It is assumed that the cross-sectional area of the heated pipe and the heating power of per unit length are constant.
Results of the calculation model are showed for the following case: pipe length 3 m, pipe diameter 6 mm, inlet water temperature 60 , heating power 1.2 KW/m. Fig.2 shows the inlet pressure versus flow rate for a single pipe. Fig.3-Fig.5 show the steady state solutions of inlet pressure and flow rate splitting ratio ( = ) versus total flow rate for three different cases. The red solid line represent the unstable solutions, the other color solid lines represent the stable solutions with different splitting ratios. Fig.3a and b shows the steady state solutions of inlet pressure and splitting ratio versus total flow rate for the case 1. It yields two kinds of splitting ratios from low to high total inlet flow rate: When flow rate is very low, the stable steady-state solutions shown in grey lines where three pipes which unheated get almost 1/3 of total inlet flow rate, and the heated pipe just get quite a small part of the total flow rate. The flow rate distribution is not uniform. By increasing the flow rate it starts to get into the two-phase flow region. Since the impact of the negative slope of pressure drop versus flow rate one can obtain two solutions which is shown in grey lines and black line. By increasing the flow rate even more, even distribution is obtained in black line.
The steady state solutions of inlet pressure and splitting ratio versus total flow rate for the case 2 is shown in fig.4a and b. It yields three different splitting ratios from low to high flow rates: When flow rate is very low, the stable steady-state solutions shown in green lines where two unheated pipes get almost 50% of the total inlet flow rate each, and two heated pipes just get the rest of the total flow rate. By increasing the flow rate it starts to get into the two-phase flow region that one may obtain three different solutions as shown in green lines, grey lines and black line. By increasing the flow rate even more, an even distribution is obtained in black line. Fig.5a and b shows the steady state solutions of inlet pressure and splitting ratio versus total flow rate for the case 3. It yields four kinds of splitting ratio from low to high total inlet flow rate: When flow rate is very low, the stable steady-state solutions shown in blue lines where one pipe which unheated get almost 94% of the total inlet flow rate, and three heated pipes just get 2% of the total flow rate each. By increasing the flow rate it reaches the two-phase flow region one may obtain four different solutions which are shown in blue lines, green lines, grey lines and black line. By increasing the flow rate, the water of each pipe exists as liquid, an even distribution is obtained as shown in black line. 6 shows the steady state solutions for the splitting ratio versus total flow rate for the case of equally heated Q=1.2KW/m. Through Fig.6 the stable steady-state solution is not unique even for the case of equal heating of the four pipes. For unequal heating higher flow rate may take place in the less heated pipes, and vice versa. It causes the negative influence to the system during actual operation. 
Transient analysis
In this work, transient simulations are carried out to predict the system response to finite disturbances and the system performance due to variations of inlet flow rate. Simulations are under the case of equal heating power of 1.2 KW/m for each pipe.
The steady state solution for splitting ratio versus time is showed in Fig.6 . A case that the spontaneous process from a hypothetical unstable steady state (point A) where each pipe receives the flow rate of 0.01kg/s is simulated. By applying a small perturbation on the flow rate of the third pipe, the transient response of the flow rate and inlet pressure of each pipe is shown in Fig.7 . Fig.7a presents the variations of the flow rate and the inlet pressure versus time, and Fig.7b indicates the transient path of inlet pressure versus flow rate in each of the four pipes. It is clearly seen that there is a hysteresis phenomenon at the beginning of the simulation, the flow rate of each pipe keeps constant and changes after nearly 1s. Then the system is shifted to a case where three of the four pipes gets almost 30% of the total inlet flow rate corresponding to the points B which is indicated in Fig.6 and Fig.7b , and the other pipe decreases to the flow rate of 0.0015kg/s, quite a small part of the total flow rate. As the simulation goes on, another hysteresis phenomenon is observed at point B, a solution which is unstable. Then two of them decrease to the flow rate of 0.0015kg/s each, and another pipe increases to about 0.036kg/s, which can be observed in Fig.6 or Fig.7b at points C and D. The system reaches to the stable steady state. Fig.8 shows the results of transient simulation for the case of linear decreasing the total inlet flow rate from 0.12 kg/s to 0.04 kg/s (from the 1 second to the 3 second), namely from a stable solution to a unstable solution. As we can see, the simulation starts with even flow rate distribution at point A, keeping constant until the flow rate get into the two-phase flow region. As the simulation goes on, the splitting ratios of three pipes decreases to 0.02 each, corresponding to the point B, and the other pipe increase to about 0.94 corresponding to the point C which are indicated in Fig.8b . The system reaches to the stable steady state then. 
Flow rate distribution improvement
By installing a resistive device at the inlet of each pipe where is not heated, the pressure drop equation becomes:
Where ( P) is the pressure drop produced by the inlet resistive device. It is assumed that:
Where is the coefficient of local resistance, is the liquid velocity of pipe inlet. Fig.9 shows the inlet pressure versus flow rate for a single pipe with extra resistance for different local resistant coefficient . The bold line 1 represents the pressure drop versus flow rate without the inlet resistance. The dotted line 2 and 3 are the pressure drop of resistive device with different coefficient alone. And the solid line 2' and 3' are the pressure drop versus flow rate by installing a resistive device at the inlet of the pipe corresponding to the line 2 and 3. By increasing the resistance of inlet, the negative slope of pressure drop curve becomes smaller. Finally, it becomes monotonically rise show in line 3'. It fundamentally eliminates the side-effect of multiple solutions (the negative slope of the evaporating zone), so as to achieve the purpose of uniform distribution. That means every parallel pipe inlets will install an orifice to overcome the two-phase flow instability. 
Conclusion
The splitting ratios in four parallel pipes with a common inlet and outlet manifolds are calculated. Three different heating conditions are simulated.
It is shown that the more number of heated pipes, the more stable steady state solutions of the splitting ratios, and the greater range of uneven flow rate distribution. In addition, the steady-state analysis shows that the stable steadystate solution is not unique even for the case of equal heating. For unequal heating higher flow rate may take place in the less heated pipes, and vice versa. The result causes the negative influence to the system for actual operation.
Transient analysis simulates the transient response of the system to finite disturbances by applying Simulink of Matlab. The final results confirm the correctness of the linear stability analysis. In addition, a hysteresis phenomenon is observed when a solution is turning to another solution, even for unstable ones.
It is found that the flow resistance characteristic along the pipes is changed by installing a resistive device at the inlet of each pipe where is not heated. It fundamentally eliminates the side-effect of the pressure drop curve (the negative slope of the evaporating zone), so as to achieve the purpose of uniform distribution.
The final conclusion could be used for the actual design of DSG parabolic trough solar power technology. The designer could avoid the unstable regions when planning the operating states at different sunlight heating load.
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